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Ion channels are modulated by multiple molecular mechanisms. In this issue of Neuron, Pietrzykowski et al.
expand the mechanistic repertoire by demonstrating that ethanol-induced microRNA can modulate the
pattern of mRNA splice variants from which BK potassium channels are constructed. Because BK channels
are important targets of ethanol, this finding has implications for mechanisms of ethanol sensitivity and
tolerance.Modulation of membrane ion channels is
a key contributor to neuronal plasticity.
The mechanisms by which ion channels
are modulated are many and varied.
Notable among these mechanisms are
protein phosphorylation and dephosphor-
ylation, which can alter the functional
properties of channels that are already
present in the plasma membrane (Park
et al., 2008). Furthermore, many channels
exist in the membrane as one component
of a dynamic regulatory protein complex,
which may contain an ever-changing
complement of signaling and other auxil-
iary proteins that contribute in different
ways to the modulation of channel func-
tion (Levitan, 2006). It also has become
evident that the membrane targeting and
insertion of ion channels, as well as their
retrieval from the membrane and subse-
quent degradation, may be subject to
rapid modulation (Misonou and Trimmer,
2004). Finally, channel number, subunit
composition, or both may be regulated
at the level of transcription or translation.
The paper by Steven Treistman and his
colleagues (Pietrzykowski et al., 2008) in
this issue of Neuron sheds new mecha-
nistic light on the posttranscriptional (but
pretranslational) modulation of one kind
of potassium channel, the large-conduc-
tance calcium-activated and voltage-
gated potassium (BK) channel, whose
pore-forming a subunit is encoded by
the KCNMA1 gene.
BK channels are ubiquitous in neurons,
smooth muscle, and many other cell
types (Salkoff et al., 2006). They are acti-
vated by membrane depolarization, and
their voltage-dependent gating can be
enhanced by increases in the intracellular
calcium concentration. The acronym BK
(for Big potassium) reflects their uniquely188 Neuron 59, July 31, 2008 ª2008 Elsevielarge single-channel conductance, in the
range of 200 pS, which is considerably
larger than that of any other ion-selective
voltage-gated ion channel (they often are
called MaxiK channels, for the same rea-
son). Because so much current flows
through a single open BK channel, small
changes in channel number or open prob-
ability can exert a profound influence on
neuronal excitability. In the nervous sys-
temBK channels are especially prominent
in presynaptic terminals, where they play
a major role in the regulation of neuro-
transmitter release. Extensive alternative
splicing can lead to the production of mul-
tiple a subunit mRNA variants, the protein
products of which are functionally di-
verse. For example, in cochlear hair cells,
different BK channel splice variants with
distinct kinetic properties are expressed
differentially along the cochlea’s tono-
topic axis, and thereby contribute to fre-
quency tuning (Fettiplace and Fuchs,
1999). Alternative splicing of BK channels
also can be dynamically regulated by en-
vironmental factors (Chen et al., 2005;
Xie and McCobb, 1998).
Interestingly, the activity of neuronal
BK channels is potentiated markedly by
pharmacologically relevant concentra-
tions of ethanol. Furthermore, BK chan-
nels exhibit tolerance to ethanol, a de-
crease in the potentiation response as
a result of sustained or repeated exposure
to thedrug (Pietrzykowski et al., 2004).De-
letion of the BK channel gene in the nema-
tode C. elegans (Davies et al., 2003) and
the fly D. melanogaster (Cowmeadow
et al., 2005) blocks the behavioral action
of ethanol as well as the development of
tolerance; studies such as these establish
a central role for this channel in the
response to ethanol. Because tolerancer Inc.contributes to ethanol abuse and addic-
tion, understanding its molecular details
is of fundamental significance. The paper
by Pietrzykowski et al. documents a sur-
prising and novelmechanism that contrib-
utes to ethanol tolerance, the differential
degradation of mRNA splice variants
available for the construction of BK
channels in the rat brain.
Pietrzykowski et al. focus their attention
on the rat supraoptic nucleus (SON) and
the striatum, two brain regions that are
known to be important in addiction to eth-
anol and other drugs of abuse (Hyman
et al., 2006). The Treistman laboratory
had shown previously that the potentia-
tion of BK channel activity by ethanol in
neurons in these regions exhibits both
acute and long-term tolerance (Pietrzy-
kowski et al., 2004). In the present study
they made use of the polymerase chain
reaction (PCR) with splice-site-specific
primers to demonstrate that eight distinct
BK channel mRNA splice variants con-
taining different combinations of the 30
predicted coding exons are present in
SON explants. Astonishingly, only two of
these eight variants remained in SON
explants that had been exposed to etha-
nol for 24 hr. Of the six splice variants
that are eliminated by ethanol exposure,
five contain a particular coding exon,
exon 29; this exon encodes a region of
the channel protein immediately adja-
cent to the ‘‘calcium bowl,’’ a major site
for calcium binding. Neither of the two
splice variants that survive ethanol
treatment contains exon 29. Pietrzykow-
ski et al. name this alcohol-regulated
exon ALCOREX. Downregulation of the
ALCOREX-containing splice variants in
SON explants begins as soon as 15 min
after the beginning of ethanol exposure,
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Previewsand is accompanied by a rapid decrease
in the total amount of BK mRNA. A similar
decrease in total BK mRNA and
reorganization of the complement of
splice variants is observed in cultured
striatal neurons.
This novel ethanol-induced change in
the splice variant composition could arise
from the regulation of alternative splicing
during transcription, or the selective deg-
radation of particular splice variants (or
both). Because of the rapidity of this
response to ethanol, and the fact that it
occurs in the presence of a blocker of
transcription, Pietrzykowski et al. chose
to focus on the selective degradation pos-
sibility. It is well established that small,
single-stranded RNA molecules known
as microRNAs (miRNAs) can bind to com-
plementary recognition sequences in
specific target mRNAs and lead to rapid
mRNA degradation (Hobert, 2008).
Accordingly, the authors used available
software algorithms to search for poten-
tial miRNA recognition sequences in the
30 untranslated region (30UTR) of BK
mRNA, and predicted that one particular
miRNA species (miR-9), among the 109
tested, would be likely to bind to the BK
message. Single-cell quantitative PCR
was used to demonstrate that miR-9 is
expressed in both SON and striatal neu-
rons. The second novel and astonishing
finding in this paper is that the level of
miR-9 in these neurons is increased
rapidly by exposure to ethanol.
The induction of miR-9 expression by
ethanol and subsequent degradation of
mRNA species to which miR-9 binds can
readily explain the rapid decrease in total
BK channel mRNA following ethanol
treatment. Does miR-9 also participate
in the selective loss of ALCOREX-contain-
ing splice variants? Pietrzykowski et al.
hypothesized that different BK channel
mRNA transcripts might contain different
30UTRs, only some of them with the
recognition sequence for miR-9. Indeed,
the authors demonstrate that alternative
splicing gives rise to three distinct 30UTRs
in BK messages, only one of which
contains themiR-9 recognition sequence.
Ethanol therefore selectively downregu-
lates the expression of BKmRNA contain-
ing this latter 30UTR. Very interestingly(astonishing finding number three), the
ALCOREX exon is associated exclusively
with this one 30UTR that contains the
miR-9 recognition site, thereby providing
a satisfying explanation for the selective
loss of ALCOREX-containing mRNA after
ethanol exposure.
There is yet more to this paper, which
contains more information than one can
hope to do justice to in a brief Preview.
For example, the authors use single-
channel recordings of recombinant BK
channels expressed in HEK293 cells to
demonstrate that ALCOREX-containing
channels are far more sensitive to acute
ethanol exposure than are other variants.
Hence, the selective loss of ALCOREX-
containing mRNA will lead to a population
of channels that is less sensitive to
ethanol—that is, they are tolerant. Pietrzy-
kowski et al. also use a computational
modeling approach that incorporates
key features of their molecular and elec-
trophysiological data to predict that a brief
exposure to ethanol will result in a pro-
found loss of ethanol responsiveness in
both SON and striatal neurons. Although
some experimental scientists might con-
sider modeling, like patriotism, to be the
last refuge of a scoundrel, the effective
incorporation by the authors of their own
and other experimental data into the
model makes this an integral and compel-
ling piece of the overall story. Finally,
Pietrzykowski et al. asked whether there
might be other brain targets that can be
regulated by ethanol via miR-9. Target
prediction software identified a large
number of putative miR-9 targets, includ-
ing some that are known to be involved in
the actions of ethanol. Of the 12 target
mRNAs whose regulation they tested, 8
are downregulated and 2 upregulated by
brief exposure to ethanol. Among the reg-
ulated targets are several neurotransmit-
ter receptors, a calcium channel, and
one of the b subunits that bind to and
modulate the BK channel a subunit. Inter-
estingly, another BK channel b subunit is
not predicted to be a miR-9 target, and
the authors find that its expression is not
regulated by ethanol.
Many new questions are raised by this
multifaceted and very interesting paper.
For example, what is the mechanism byNeurowhich ethanol rapidly raises the level of
miR-9? Is there coordinated modulation
of mRNA stability and channel protein
turnover, since the functional conse-
quences of changing the mRNA profile
will only become apparent when newly
synthesized channels replace those al-
ready in the plasma membrane? Do other
drugs of abuse exert some of their effects
via regulation of miR-9 (or another
miRNA)? Is miRNA regulation of mRNA
stability a general mechanism for the
modulation of other ion channels? Finally,
how does a particular splice variant of the
30UTR of a gene associate specifically
with some, but not other, coding exons,
and does such selectivity exist in other
miR-9 targets with alternatively spliced
mRNAs? Stay tuned for more develop-
ments in this fascinating story.
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